We evaluated a method for the assessment of bacterial viability that is based on ultraviolet and visible (UV-Vis) spectroscopy analysis. The quantities of intracellular materials inside a cell vary depending on change of bacterial viability by disruption of the membrane integrity. Therefore, normalized optical density in the range of 200-290 nm was analyzed to determine if it varied in samples containing different proportions of live bacteria. Our results indicate that samples containing higher proportions of live bacteria such as Escherichia coli, Bacillus subtilis, and Staphylococcus epidermidis had higher optical densities. In addition, the optical density at 230 nm divided by the optical density at 670 nm was found to have a strong linear correlation with bacterial viability (the R 2 values of E. coli, B. subtilis, and S. epidermidis are 0.9964, 0.9118, and 0.9861, respectively). Our proposed rapid assessment method takes less than three minutes and only requires optical measurements at 230 and 670 nm; therefore, it is simpler and faster than colony counting, fluorochromasia, or the dyeexclusion test. Moreover, our method was applied to bioaerosols, which are currently important issues in public health, microbiology, aerosol science, and other fields. In our study, the bacteria (E. coli) were dispersed into the air using a Collisontype atomizer, and were sampled in sterilized deionized water using an impinger with a pump. According to our method, the viability of E. coli was approximately 55.2%, which was similar to 52.5 ± 4.7% determined from the LIVE/DEAD BacLight bacterial viability assay.
INTRODUCTION
Antimicrobial tests require an efficient method for the assessment of bacterial viability, which is also important in several areas of microbiology, environmental research, and industrial applications (Diaper et al., 1992; Lebaron et al., 1998) . The colony count method is the standard and conventional method for the assessment of culturability (Bunthof et al., 1999; Auty et al., 2001) . However, the method requires several days for colony formation and this time delay can be one of the most serious defects of the conventional method, and the method is applicable only to culturable bacteria which can occur cell division at a sufficient rate to form colonies, which would cause underestimation of cells due to VBNC (viable but non-culturable) cells which can proliferate under suitable conditions. The staining material is often used in the colony count method for successfully separating many types of bacteria, but the staining material is harmful and human counting errors can occur. Moreover, it is difficult to obtain reproducible results using the colony counting method because the results are very sensitive to culture conditions such as temperature, media, and the duration of incubation (Boulos et al., 1999; Auty et al., 2001) .
Molecular methods can detect low concentrations of microorganisms, are reliable and culture-independent (Alvarez et al., 1995; Landete et al., 2007) . However, molecular methods require expensive and specialized apparatus such as a polymerase chain reaction (PCR) system and an electrophoresis system. Moreover, molecular methods need a technical skill for DNA extraction, primer design, and PCR amplification. One of the main disadvantages of PCR is that PCR only permits the detection of total cells including those dead cells. Currently, there is an increased interest in coupling ethidium monoazide (EMA) with PCR to differently detecting viable cells and dead cells, each other (Rawsthorne and Phister, 2009) .
The adenosine triphosphate (ATP) method has been shown to be a robust and repeatable alternative to traditional microscopic counting and culture-based counting. Even though ATP-based bioluminescence assays can easily and rapidly detect cells, the method cannot detect dead cells (Seshadri et al., 2009) . Although the fluorochromasia method and dye-exclusion test allow live and dead cells to be easily distinguished, these methods require a step to stain cells, and an additional step to analyze the stained cells such as fluorescence spectroscopy, fluorescence microscopy, or the use of fluorescence microplate readers and flow cytometry (Molecular Probes Inc., 2004; Perfetto et al., 2006; Barbosa et al., 2008) . Yang et al. (2006) developed a flow cytometer system incorporated with an easily operated microfabricated flow cytometer chip. Operation of a traditional flow cytometer still relies on the need for specialized personnel and complicated sample pretreatment procedures. Ultraviolet and visible (UV-Vis) spectroscopy, which measures the amount of light that is attenuated by a solution or a suspension of particles, is a quantitative, reliable, and rapid analytical tool that can be immediately applied as a biosensor for the detection, identification, and enumeration of cells (An and Friedman, 1997; Alupoaei et al., 2004; Alupoaei and García-Rubio, 2005) . UV-Vis spectroscopy of cells has been used to estimate the number of cells in a solution and their chemical composition, including nucleic acid and protein concentrations (Leštan et al., 1993; Wang et al., 1995; Piereira et al., 2000; Alupoaei, 2001; Salard et al., 2001; Alupoaei and García-Rubio, 2005) . Based on the current uses of UV-Vis spectroscopy, it is feasible that a detection scheme could be developed to distinguish live and dead cells based on UV-Vis spectroscopy.
Bioaerosols are currently important issues in public health, microbiology, aerosol science, and other fields. The monitoring of bioaerosols is essential for controlling air quality, assessing exposure in health risk evaluation studies, identifying bioaerosol emission sources, and estimating the performance of air cleaning devices. Exposure to bioaerosols can affect human health in variety of ways including infectious diseases, acute toxic reactions, and allergies (Terzieva et al., 1996; Lee et al., 2004; Rule et al., 2007; Blatny et al., 2008) . The Severe Acute Respiratory Syndrome (SARS) and the threat of avian flu are natural examples illustrating profound, daily impacts of bioaerosols on public health (Ratnesar-Shumate et al., 2008) . With the increasing concern on biological contamination of indoor environments, the importance of rapid monitoring of bioaerosols increases. Previous studies reported the feasibility for rapid detection of bioaerosols using modified Raman facility (Sengupta et al., 2005) or laser light source and fluorescence measurement system (Nachman et al., 1996; Hairston et al., 1997) . The system developed by Hairston et al. (1997) was improved into UV-APS (ultraviolet aerodynamic particle sizer spectrometer) which is a commercial instrument for realtime, continuous monitoring of airborne particles and viable airborne microorganisms. Although these sophisticated instruments are effective in scientific analyses or for military purposes, they are not affordable for practical purposes, such as monitoring the indoor air quality, estimating performance of bioaerosol control devices, and so on.
In this paper, we propose a rapid assessment method (requiring less than 3 min) to determine bacterial viability based on UV-Vis spectroscopy analysis of prokaryotic cells. Since airborne dead cells can result in toxigenic or allergenic effects (Shahamat et al., 1997) , an important factor for assessing health risks is not solely the concentration of live cells but also the concentration of dead cells. The proposed method is simple and less expensive than the fluorochromasia and dye-exclusion tests because it is not necessary to stain the bacterial cells and the method uses only a UV-Vis spectrophotometer, which is relatively inexpensive and is widely available in every branch of microbiology. For application to bioaerosols in this study, bacteria (Escherichia coli) were dispersed into the air using a Collison-type atomizer, and were sampled in sterilized deionized (DI) water using an impinger equipped with a pump. Then, the bacterial viability was assessed using our proposed method.
METHODS

Preparation of Samples
Our experimental procedure for the preparation of samples is shown in Fig. 1(a) . Escherichia coli (ATCC #11775), Bacillus subtilis (ATCC #6633), and Staphylococcus epidermidis (ATCC #14990) cells were obtained from the Korean Culture Center of Microorganisms, Seoul, Korea. For each species, a bacterial suspension was prepared by culturing 0.1 mL of an overnight culture inoculated in 15 mL of nutrient broth for 18 h. The nutrient broth was prepared by dissolving 5 g of peptone and 3 g of meat extract in 1000 mL of sterilized DI water and then sterilizing the mixture in an autoclave. The tubes containing the suspension were centrifuged at 11,000 g for 10 min using a centrifuge (VS-15000N, Vision Scientific Co., Ltd., Korea), and the supernatant was carefully removed. The remaining pellets were then resuspended in sterilized DI water and vortexed for a few seconds using a vortex mixer (KMC-1300V, Vision Scientific CO., Ltd., Korea). This washing process was repeated three times, after which the pellets were resuspended in sterilized DI water. Six mL of the suspension were then mixed with 24 mL of 99% isopropyl alcohol (Daejung Chemicals & Metals Co., Ltd., Korea), which was used as a bactericidal agent to form a dead bacterial suspension. The remainder of the suspension was untreated and used as a live bacterial suspension. The dead bacterial suspension was placed at room temperature (25 ± 1°C) for 50 min and then washed with sterilized DI water three times. Both the dead bacterial suspension and the live bacterial suspension were diluted with sterilized DI water to obtain base suspensions with optical densities of 0.06 (for E. coli and B. subtilis) and 0.30 (for S. epidermidis) at a wavelength of 670 nm. In these optical densities, both live and dead cell concentrations were similar to each other for each species at the wavelength of 670nm (Molecular Probes Inc., 2004) . The diluted live and dead bacterial suspensions were quantitatively mixed to obtain five different fractions of the bacterial suspensions (0%, 20%, 50%, 80%, and 100% live bacteria). The temperature and humidity of the laboratory were 25 ± 1°C and 20 ± 3% RH (relative humidity), respectively, when samples were prepared.
Viability Determined from ATP-based Bioluminescence Assay ATP-based bioluminescence assay was used for confirming the viability of each bacterial sample. 0.1 mL of each bacterial sample was placed on a plastic Petri dish (diameter 5 cm), and the level of biological contamination on the plastic Petri dish was measured using an ATP detector consisting of a swab stick (LuciPac W, Kikkoman, Japan) and measuring instrument (Lumitester PD10-N, Kikkoman, Japan). The surface of the contaminated plastic Petri dish was wiped, and then the swab was then placed into the swab stick, which contained an ATP releasing reagent and a luminescence reagent for the light-generating reaction. The swab stick was shaken several times and inserted into the measuring instrument. The instrument displayed the intensity of light generated from the reaction between ATP and the luminescence reagent as the relative luminescent units (RLU). For control check, the surface of a clean Petri dish was measured using ATP detector with 0.1 mL of sterilized DI water. The average RLU of the result was 54 (background RLU). This method is similar to that of Yoon et al. (2010) .
The viability is defined as follows:
from a sample from 100% live bacteria sample RLU Viability 100 RLU
where the numerator and denominator represent the difference between the RLU from each bacterial sample and the background RLU, and the difference between the RLU from a 100% live bacterial sample and the background RLU, respectively. Table 1 summarizes the results for the viability of each bacterial sample determined using the ATP-based bioluminescence assay. Moreover, we used conventional colony counting for determining culturability of each sample, and the colony ratios are also presented in Table 1 . It is interesting to note that there is a negligible difference between the colony ratio and ∆RLU ratio for each sample. Kell et al. (1998) reported that culturability and viability are synonymous for readily culturable organisms, and several studies (Barer et al., 2000; Kort et al., 2008; Falk et al., 2010) reported that E. coli, B. subtilis, and Staphylococcus sp. are readily culturable organisms.
Spectroscopy
The UV-Vis spectra at wavelengths ranging from 200 to 900 nm were measured using a UV-Vis spectrophotometer (Libra S12, Biochrom Ltd., UK) with a 1 cm path length quartz cuvette (40 00 9104, Biochrom Ltd., UK). The scan speed and bandwidth of the spectrophotometer were 500 nm/min and 1.0 nm, respectively. Prior to recording the spectrum of each sample, the spectrophotometer was zeroed to account for any stray light. To avoid the effect of inhomogeneities in the suspending medium, the background spectrum was determined using the corresponding suspending media from the batch used to prepare the original sample. The temperature and humidity of the laboratory were 25 ± 1°C and 20 ± 3% RH (relative humidity), respectively, when spectroscopic measurements were carried out.
Structure of Bacterial Cells
The complex structure of the selected prokaryotic cells was divided into two main substructures for analysis (or modeling) of the spectra of the cells: a macrostructure and an internal structure. The definition of "macrostructure" is the body of the cell and its characteristic dimensions, and the definition of "internal structure" implies identifiable structures such as ribosomes or inclusions, dense bodies, and any other intracellular materials that could absorb or scatter light (Alupoaei, 2001) .
Multi-wavelength transmission measurements are related to turbidimetric techniques. The degree of transmission is expressed using transmittance, which is defined (Kim et al., 2004) 
where T is the transmittance, I 0 is the intensity of the light source of wavelength λ, and I is the intensity of the beam passed through the cell at wavelength λ. For suspensions, the reduction in light intensity is related to turbidity τ (Kim et al., 2004) as follows:
where l is the path length and OD is the optical density. Alupoaei et al. (2004) reported that spectra of bacteria are divided into spectra of macrostructure and spectra of internal structure, and suggested the following equation that expresses turbidity τ(λ) measured at a given wavelength λ:
where subscripts 1 and 2 correspond to characteristics of the macrostructure and internal structure, respectively.
Scanning Electron Microscopy Analysis
A scanning electron microscope (SEM) study of isopropyl alcohol with non-treated (live) and treated (dead) bacterial cells was performed to observe the morphology of the bacterial cells. The bacterial samples were primarily fixed with 2% paraformaldehyde and 2% glutaraldehyde in 0.05 M sodium cacodylate buffer solution (pH 7.2), washed with 0.05 M sodium cacodylate buffer solution (pH 7.2), and post-fixed with 1% osmium tetroxide in 0.05 M sodium cacodylate buffer solution (pH 7.2). The samples were dehydrated using sequential ethanol concentrations ranging from 30 to 100% with 10 min of exposure per concentration, and the ethanol was replaced by tetramethylsilane. After dehydration, each sample was spread on double-sided conducting adhesive tape pasted onto a metallic stub and coated with gold in a sputter coating unit for 5 min. The samples were observed using a SEM (JSM-5410LV, JEOL, Japan). Fig. 1(b) shows the schematic diagram of viability assessment for airborne bacteria. 100% live E. coli was selected as the test bacterium. A stream of particle-free air (temperature: 22.5 ± 3°C, relative humidity: 10 ± 5%) from a dry-cleaned air supply system consisting of an oil trap, a diffusion dryer, and a high efficiency particulate air (HEPA) filter was delivered to a mass flow controller, and then delivered to a Collison-type atomizer (model 9302, TSI Inc., USA). The flow rate was regulated and monitored by the mass flow controller prior to its introduction to the atomizer. The bacteria were dispersed into the air by an atomizer. The dry-cleaned air at a flow rate of 2 L/min formed a high velocity jet through a 100 μm-diameter orifice in the atomizer. The pressure drop from this jet drew the bacterial suspension up through a narrow tube. The bacterial suspension was then broken into droplets by the high velocity air jet. The resultant larger droplets impinged on an impaction plate or a ball, while the smaller droplets made no contact and formed an aerosol that exited through an outlet. After passing through a diffusion dryer to remove the residual moisture, the flow, including airborne bacteria, entered an aerosol neutralizer (Soft X-ray charger 4530, HCT Co. Ltd., Korea) to eliminate charges induced during the atomization process. The airborne bacteria were mixed with particle-free air (1 L/min; 22.5 ± 3°C and RH 10 ± 5%) delivered through a dry-cleaned air supply system and then sampled in sterilized DI water by using an impinger equipped with a pump (Air Sampler 4640, HCT Co. Ltd., Korea). The sampling time and sampling flow rate for each test run were 15 min and 3 L/min, respectively.
Application to Bioaerosols
The LIVE/DEAD BacLight bacterial viability assay, which has routinely been used to investigate the viability of bacterial cells, was also tried in this study. After the bioaerosols were sampled in sterilized DI water, 1 mL of sterilized DI water including sampled bioaerosols was mixed thoroughly with a fresh working solution of stain, which was a mixture of 1.5 µL of solution A (SYTO9 dye) and 1.5 µL of solution B (propidium iodide). The solution with bacteria was incubated in darkness at room temperature for 15 min. After extracting a drop (about 5 µL) of the stained bacterial suspension and locating the drop between a slide and a cover glass (having the area of 18 mm 2 ), we observed the stained bacteria using a fluorescence microscopy (IX71, Olympus, Japan) with fluorescein and Texas red bandpass filters, and then the viability was determined by image analysis counts (Ivanova et al., 2010) . Fig. 2 shows the spectra of normalized optical density for various suspensions of E. coli, B. subtilis, and S. epidermidis. The optical density at wavelength λ is defined as Eqs. (2-3), and the optical density spectra were normalized with respect to their corresponding average optical densities to eliminate any concentration effect, thereby allowing direct comparison of the spectral features (Alupoaei, 2001) . Each spectrum represents an average of ten repeated measurements, and the error range of each spectrum was less than 2%. We observed similar spectral absorption behavior for E. coli (Fig. 2(a) ) and B. subtilis (Fig. 2(b) ), most likely because the size and water content of these bacteria are similar (Ross and Billing, 1957; Alupoaei et al., 2004) . Moreover, the morphology and membrane surface roughness of both bacteria are similar to each other Nikiyan et al., 2010) , which would be one of the reasons for similar spectral absorption behavior of both bacteria. In the range of 200 to 350 nm, the spectra were enlarged as shown in the inset of Fig. 2 . This result indicates that the normalized optical density in the range of 200 nm to approximately 290 nm increased as the ratio of live bacteria increased, but that the normalized optical density measured at a wavelength of longer than approximately 290 nm is not correlated with the ratio of live bacteria. Spectral peaks at about 230 nm (Fig. 2) were generally attributed to the absorption of DNA (one of the intracellular materials); therefore, the amplitude of the peak was influenced by the ratio of live bacteria in the sample (Liu and Curtiss, 2009) .
RESULTS AND DISCUSSION
The morphologies of live bacteria and dead bacteria were confirmed through SEM studies (Figs. 3(a) and (b) ). The live E. coli cells in the absence of isopropyl alcohol showed a regular smooth surface (Fig. 3(a) ), and the dead E. coli cells exposed to isopropyl alcohol revealed membrane damage consistent with disruption of the membrane integrity (Fig. 3(b) ). The bacterial membranes became compromised during a biocidal challenge of exposure to isopropyl alcohol, and intracellular materials could be released from the bacteria. Small ions such as potassium and phosphate tend to leach out first, followed by large molecules such as DNA and other materials (Chen and Cooper, 2002) .
The 100% live E. coli suspension was treated with isopropyl alcohol in order to measure the optical density of the released intracellular materials. Fig. 3(c) shows the spectrum of the optical density for released intracellular materials. For wavelengths larger than approximately 290 nm, the optical density was nearly zero (< 0.005), and the optical density decreased with increasing wavelength within 200 to 290 nm. In a previous study (Fekete et al., 2004) , the optical density for nucleic acids which are a kind of intracellular material (internal structure components) was nearly zero at wavelengths larger than 290 nm. Fig. 4(a) shows the optical density for the macrostructure and internal structure of E. coli. The inset of Fig. 4(a) shows the effect of wavelength (λ) on the ratio between turbidities of the internal structure (τ 2 ) and of the macrostructure (τ 1 ) of E. coli. The results shown in the inset of Fig. 4(a) were obtained from Eqs. (2-4) as follows:
For Fig. 4(a) , we assumed that the measured optical densities (or turbidities) for dead E. coli and the released intracellular materials from E. coli were equal to optical densities (or turbidities) corresponding to macrostructure and internal structure, respectively (τ = τ 1 for dead E. coli, and τ = τ 1 for released intracellular materials from E. coli). In the range of 200 to 900 nm, the effect of macrostructure on optical density is greater than the effect of internal structure (τ 1 > τ 2 ). To verify the bacterial viability using spectroscopy, the multi-wavelength UV-Vis spectrum of the released intracellular materials from E. coli was measured and then added to the spectrum generated by samples containing 0% live E. coli, which produced results that were consistent with those obtained from an analysis of samples comprised of 100% live E. coli (Fig. 4(b) ). These results can be explained using Eq. (4), and they suggest that our method for the assessment of bacterial viability was valid for this case. In addition, the results shown in Fig. 4(b) indicate that the difference between the spectra generated by 0% live E. coli samples and 100% live E. coli samples shown in Fig. 2(a) was caused by differences in the quantities of intracellular materials that remained in the cells. In Fig. 3(c) and Fig. 4 , each spectrum represents an average of more than three repeated measurements, and the error range of each spectrum was less than 10%. As shown in Fig. 5 , the ratios of the optical density at 230 nm to the optical density at 670 nm were clearly linear with respect to bacterial viability (the R 2 of E. coli, B. subtilis, and S. epidermidis are 0.9964, 0.9118, and 0.9861, respectively) . At OD (230 nm) and OD (670 nm), the DNA have strong UV absorption, and the live and dead cell concentrations are same, respectively. For our method, the viability is related to the ratio of OD (230 nm) to OD (670 nm) as follows:
The viabilities measured by colony counting (Eq. (1)) were used in Eq. (6). In Fig. 5 , the error range of each graph was less than 2%. Table 2 shows the value of constants α and β in the equation related to viability and optical density. Taken together, these results indicate that the viability of any selected bacteria in our study can be rapidly and simply assessed by optical measurement at OD (230 nm) and OD (670 nm). Fig. 6 shows the spectra for suspensions before atomizing the bacteria and after sampling the airborne bacteria, respectively. Each spectrum represents an average of three repeated measurements, and the error range of each spectrum was less than 9%. According to our method, the viability of E. coli was measured approximately 55.2%. The investigation of viability for bioaerosols was also studied with a LIVE/DEAD BacLight bacterial viability assay kit. Dead cells develop a breach in the continuity of the membrane that allows a cell-impermeable dye (propidium iodide component) to enter cells where it binds to DNA and makes cells fluoresce red. Fig. 7 shows the fluorescence microscopy images with the LIVE/DEAD BacLight bacterial viability kit. For live bacteria, the bacteria are represented by green color since their cell membranes can be stained with SYTO9 dye. Among dead bacteria, the bacteria whose cell membranes are disrupted will be represented by red color since their cells can be stained with propidium iodide component. Fig. 7 (a) and 7(b) show images of live bacterial cells (green color) and dead bacterial cells (red color), respectively, resulting in the viability of 55.8% via image analysis counts. From repeated experiments with the LIVE/DEAD BacLight bacterial viability kit, the viability was 52.5 ± 4.7%, which was similar to 55.2% obtained using the UV-Vis spectroscopy (see Fig. 6 ). The viabilities of airborne bacteria sampled were decreased because the stress during atomization of the bacteria and the violent motion in the liquid after sampling may affect the viable bacteria (Dimmick et al., 1969; Stewart et al., 1995; Terzieva et al., 1996) . 
CONCLUSIONS
We proposed a method of UV-Vis spectroscopy analysis that allows the assessment of bacterial viability. In this study, normalized optical densities between 200-290 nm were found to be higher for samples that contained a higher proportion of live bacteria such as E. coli, B. subtilis, and S. epidermidis. This occurred due to the different quantities of intracellular materials, especially DNA, that were present inside the live and dead cells. In addition, we evaluated the ratios of OD (230 nm) to OD (670 nm) with respect to bacterial viability and found that they were linearly correlated (the R 2 of E. coli, B. subtilis, and S. epidermidis are 0.9964, 0.9118, and 0.9861, respectively). Taken together, our results indicate that the viability of the selected bacteria can be rapidly and simply assessed by optical measurements at 230 nm and 670 nm.
Even though the use of our method is limited since the method cannot be applied to samples with unknown bacteria or mixtures of different bacteria, the method has potential for the analysis of bacterial viability. Moreover, our method can be applied to bioaerosols, which are currently important issues in areas such as public health, microbiology, and aerosol science. In our study, the bacteria (E. coli) were dispersed into the air by using a Collison-type atomizer and sampled in sterilized DI water by using an impinger with a pump. According to our method, the viability of E. coli was approximately 55.2%, which was similar to 52.5 ± 4.7% determined from the LIVE/DEAD BacLight bacterial viability assay.
